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Summary
Objective: To assess the evolution of bone marrow lesions (BMLs) in a canine model of knee osteoarthritis (OA) using three different magnetic
resonance imaging (MRI) sequences.
Design: Three MRI sequences [coronal, T1-weighted three-dimensional fast gradient recalled echo (T1-GRE), sagittal fat-suppressed 3D
spoiled gradient echo at a steady state (SPGR), and sagittal T2-weighted fast spin echo with fat saturation (T2-FS)] were performed at base-
line, and at week 4, 8 and 26 in ﬁve dogs following transection of the anterior cruciate ligament. The same reader scored (0e3) subchondral
BMLs twice, in blinded conditions, according to their extent in nine joint subregions, for all imaging sessions, and independently on the three
MRI sequences. Correlation coefﬁcients and BlandeAltman plots evaluated intra-reader repeatability. Readings scores were averaged and
the nine subregions were summed to generate global BML scores.
Results: BMLs were most prevalent in the central and medial portions of the tibial plateau. Intra-reader repeatability was good to excellent for
each sequence (rs¼ 0.87e0.97; P< 0.001). Maximal intra-reader variability (24%) was reached on T2-FS and was associated to higher
scores (P< 0.05). Global BML scores increased similarly on all three sequences until week 8 (P< 0.05). At week 26, score on T2-FS was
decreased, being lower when compared to T1-GRE and SPGR (P< 0.05).
Conclusion: In this canine OA model, the extent of BMLs varies in time on different MRI sequences. Until the complex nature of these lesions
is fully resolved, it is suggested that to accurately assess the size and extent of BMLs, a combination of different sequences should be used.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction BMLs are most commonly assessed on fat-suppressedSubchondral bone marrow lesions (BMLs), formerly known
as bone marrow edema, represent an important component
of osteoarthritis (OA) that is now routinely assessed with
magnetic resonance imaging (MRI) whole-organ scoring sys-
tems1e11. Although the exact nature of BMLs needs further
clariﬁcation, it has been stated that bone marrow and trabec-
ular alterations that include ﬁbrosis and necrosis are largely
responsible for the signal changes in the human knee, rather
than edema12,13. In dogs with advanced, experimental OA,
inﬁltrates such as hematopoiesis, myzomatous transforma-
tion and ﬁbrosis have been found in regions of BMLs14,15.*Address correspondence and reprint requests to: Dr Marc-Andre´
d’Anjou, Assistant Professor, Faculte´ de me´decine ve´te´rinaire,
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1307T2-weighted or intermediate-weighted (proton density)
turbo or fast spin echo (FSE) sequences, or on short-tau in-
version recovery (STIR), on which they appear as ill-deﬁned
hyperintensities that contrast with the hypointense marrow
fat1,6,9,12,14,16e19. Other sequences such as T1-weighted
FSE or gradient echo12,14,17,20 and T2*-weighted gradient
echo sequences21 have also been used12,14,17,20. However,
studies focusing on the impact of sequence selection on the
appearance of BMLs are currently lacking.
The purpose of this study was to compare the manifesta-
tion and evolution of BMLs over a period of 26 weeks using
three different MRI sequences in a group of dogs with ex-
perimentally induced knee OA.Method
The study protocol was approved by the Institutional Ethical and Scientiﬁc
Committee in accordance with the guidelines of the Canadian Council on
1308 M.-A. d’Anjou et al.: Temporal assessment of BMLs in a canine OA modelAnimal Care. Five healthy, mature dogs (23.5 2.3 kg) were selected,
housed and exercised routinely as previously described22. Antibiotherapy,
multimodal and pre-emptive analgesia, volatile anesthesia, right knee ACL
surgical transection (under direct visualization)23 and rehabilitation were
done following standardized operating procedures taking place in our
facilities22,24e26.
The right knee was imaged with 1.5-T MRI (GE EchoSpeed LX, Milwaul-
kee, WI, USA) prior to surgery (baseline) and at weeks 4, 8 and 26 post-
operatively, using a phased-array, small-extremity coil with customized
padding.
Coronal, T1-weighted three-dimensional fast gradient recalled echo (T1-
GRE) images were obtained [slice thickness and gap (s/g) 1.5 mm/0 mm,
time to echo (TE) 3.15 ms, repetition time (TR) 11.4 ms, ﬂip angle (FA)
15, number of acquisitions (NEX)¼ 2, ﬁeld of view (FOV) 80 mm, matrix
256 256, pixel size¼ 0.32 mm]. Sagittal, fat-suppressed 3D spoiled gradi-
ent recalled acquisition at steady state (SPGR) images were also obtained
(s/g 1.0 mm/0 mm, TR 42 ms, TE 6.6 ms, FA 20, NEX¼ 2, FOV/
matrix¼ 100 mm/384 384 or 110 mm/416 416 or 120 mm/448 448)
depending on the size of the leg (pixel size¼ 0.26 mm), with a phase
percent¼ 100%. Additionally, sagittal, T2-weighted fast spin echo
sequences with fat saturation (T2-FS) were acquired (s/g 2 mm/0 mm, TR
3000 ms, TE 98 ms, FA 90, FOV/matrix¼ 100 mm/384 256 pixel
size¼ 0.26 0.39 mm). The total time required for patient set up and MRI
evaluation was approximately 60 min.
MRI series acquired at week 4, 8 and 26 were scored individually and
randomly under blinded conditions, twice, by a board-certiﬁed veterinary
radiologist (MAD), using a diagnostic viewing station (Agfa IMPAX 6.0,
Toronto, Canada).
BMLs were evaluated in nine subregions of the knee: patella, femoral
trochlea, femoral condyles (medial and lateral), femoral intercondyla fossa,
and tibial plateau (anterior, central, medial, and lateral). Hyperintense
(SPGR and T2-FS) and hypointense (T1-GRE) BMLs were scored according
to their extent in each of these subregions: 0¼ none, 1¼ less than 25% of
the subregion volume, 2¼ between 25 and 50%, 3¼more than 50%
(Fig. 1). On T1-GRE images, subchondral signal voids consistent with
bone sclerosis (calciﬁed matrix)20, were excluded.
For each knee as well as for each reading and each sequence, BML
scores obtained in the nine anatomical subregions were summed to gener-
ate global BML scores. Spearman correlation coefﬁcients (rs) measured
the association between readings and BlandeAltman plots assessed agree-
ment and variability. Maximal variability was the range between conﬁdenceFig. 1. Semi-quantitative grading scheme used to score BMLs in each sub
of each subregion, individually on eacintervals (95%) of the difference between readings (score of 27¼ 100%).
Averaged reading scores were expressed in mean SD (n¼ 5). For each
sequence, ANOVA for repeated measures followed by TukeyeKramer mul-
tiple comparison tests compared BML scores overtime. Wilcoxon-signed
rank tests compared sequences and delta-evolutions of scores. Signiﬁcant
level was set at 5% using statistical software (NCSS 2001, Kaysville, USA).Results
A strong correlation was found between both readings for
all three sequences (rs¼ 0.87 on T2-FS, 0.92 on T1-GRE,
and 0.97 on SPGR) (P< 0.001). Maximal inter-reading var-
iability was 17% on T1-GRE, 13.2% on SPGR and 24% on
T2-FS. The highest value of variability on T2-FS (24%) was
measured in the dog that had the highest BML score at
week 8. Nonetheless, intersequence variability was more
pronounced, reaching 26.6% on T2-FS vs SPGR, 30.3%
on T1-GRE vs SPGR, and 44.7% on T1-GRE vs T2-FS.
BMLs were observed on all follow-up imaging sessions in
all dogs. BML scores were consistently higher in the medial
and central portions of the tibial plateau, although BMLs
were also commonly detected in the lateral femoral condyle,
the femoral condylar fossa and trochlear groove (Table I).
A great variability was found between dogs in regard to
BML scores at each imaging session as well as on the dif-
ferent MRI sequences. The distribution of the signal change
also varied between sequences, even within a same
affected subregion (Fig. 2). Nevertheless, BML scores in-
creased between baseline and week 8 similarly on all three
sequences. Between week 8 and 26, scores were relatively
stable or slightly increased on T1-GRE; however, a trend to
decrease was observed on SPGR and was signiﬁcant for
T2-FS (Fig. 3) (P< 0.05). In fact, at week 26, global BMLregion. Each BML was scored according to its extent in the volume
h of the three MRI sequences.
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1309Osteoarthritis and Cartilage Vol. 16, No. 11scores were signiﬁcantly lower on T2-FS when compared to
T1-GRE and SPGR (P< 0.05).Discussion
The subchondral bone is recognized as an important
structural component of disease progression in OA. Among
changes to this element, subchondral BMLs have been
linked to pain and cartilaginous loss in several human stud-
ies4,8,19,27,28, justifying their assessment in disease-modify-
ing OA drugs (DMOADs) studies. To our knowledge, this is
the ﬁrst report on the temporal behavior of BMLs graded on
different MRI sequences.
It was found that BMLs in human OA are comprised of dif-
ferent zones that manifest different signal changes depend-
ing on the T-weighting and use of fat saturation
techniques12. Our results also strongly suggest that differ-
ent MRI sequences may variably enhance the visibility of
different subchondral ﬂuid or tissue inﬁltrates. While BMLs
are now routinely included in the MRI evaluation of OA pro-
gression in human and animal studies, this new information
appears crucial in regard to their assessment.
In the present study using the ACL canine OA model,
BMLs were identiﬁed in several knee subregions, but
most prevalent in the central and medial portions of the tibial
plateau (Table I), correlating with previous studies using
dogs14,15. Interestingly, the medial plateau shows a predilec-
tion for cartilage degeneration in this animal
model15,22,25,29,30.
There is growing evidence that BMLs are associated with
limb misalignment, and that progressive BMLs occur mostly
in regions of increased biomechanical loading8,10,31. Re-
cently, a strong link was found between BMLs in the central
tibial plateau and human ACL pathology19. Such link was
also proposed in dogs with naturally-occurring ACL dis-
ease32. In dogs with transected ACL, as in our model, in-
creased loading on the medial tibial plateau may occur as
the result of joint instability, and a greater tension may arise
at the insertion of intact ligaments, such as the posterior
cruciate, explaining some of the BMLs observed.
The progression of BMLs over time is another source of
debate. BMLs were previously found to be static or progres-
sive in human knee OA8. In another study, although BML
scores remained unchanged in most patients over a period
of 3 months, an increase was found in 19%, while scores
decreased in another 10% in this short period of time6.
The dynamic behavior of these lesions was also found in
other human studies that evaluated BMLs longitudi-
nally33,34. Similarly, the present 6-month follow-up study us-
ing a canine model of OA brings evidence that BMLs are not
a static phenomenon, and that the within-time BML evolu-
tion could largely vary with the MRI sequence used to quan-
tify these lesions. Indeed, hyperintense BMLs scores were
reduced on SPGR and especially on T2-FS at week 26,
in comparison to week 8, following ACL transection. On
the other hand, hypointense BML scores observed on T1-
GRE images slightly progressed between week 8 and 26
(Fig. 3). The apparent discrepancy between these results
leads to the following hypothesis: BMLs may initially corre-
spond to an acute inﬂammatory response, edema, contu-
sion or and/or necrosis, before being variably replaced by
more permanent bone marrow remodeling changes such
as ﬁbrosis or myxomatous connective tissue14 that can oc-
cur over time. Consequently, the MRI signal pattern of these
initial (high-water content) and late (low-water content)
phases would therefore be greatly inﬂuenced by sequence
Fig. 2. Distribution of signal changes on three different MRI sequences. In this dog, the BML (arrowheads) affecting the medial portion (MP) of
the tibial plateau differed between sequences. The lesion was more intense deeper in the subchondral bone marrow on SPGR vs closer to the
subchondral plate on T2-FS. It was uniformly hypointense, superﬁcially and deeply, on T1-GRE. Signal changes extended into the central
portion of the tibial plateau, as seen on the dorsal T1-GRE image. The interrupted line on T1-GRE indicates slice localization for sagittal
SPGR and T2-FS images.
1310 M.-A. d’Anjou et al.: Temporal assessment of BMLs in a canine OA modelparameters. Indeed, the heavily T2-weighted fast spin echo
sequence with complete fat saturation used in our protocol
probably enhanced the detectability of extra/intracellular
ﬂuids that present longer T2 relaxation times, thus resulting
in hyperintense signals contrasting with the hypointense fat.
This hyperintensity on T2-FS may be more closely linked to
the initial and apparently transitional phase of BMLs. On fat-
saturated SPGR sequence, the BML hyperintensity may
also result from an increase in bone marrow ﬂuid; however,
on that sequence, tissues with magnetic resonance charac-
teristics similar to cartilage demonstrate a higher signal. InFig. 3. Temporal evolution of global BML scores (mean  SD)
assessed on three MRI sequences in ﬁve dogs. Global BML scores
where the average of both readings. Scores increased similarly on
all three sequences between baseline and week 8, but progressed
differently between week 8 and 26. *Global BML score signiﬁcantly
different compared to T1-GRE and SPGR. {Global BML score sig-
niﬁcantly different compared to baseline. xGlobal score signiﬁcantly
different compared to week 4.this study, components of some BMLs were clearly more in-
tense on SPGR when compared to T2-FS (Fig. 2), strength-
ening our hypothesis that these two sequences likely reﬂect
different histological changes.
Conversely, the BML hypointensity on T1-weighted non
fat-saturated sequences, such as the T1-GRE sequence
used in this study, results from a reduction in bone marrow
fat content35, regardless of the tissue taking place, as low-
and high-water contents should both lead to a reduction in
the signal intensity (Fig. 2). Furthermore, minimal changes
in signal intensity may be more easily visible on that
sequence that inherently presents a higher signal-to-noise
ratio than fat-saturated sequences. It would therefore be
logical to expect a progression of BML scores on that
sequence in the late phase of this OA model.
The scoring system used in the present study was mod-
iﬁed from published recommendations for human OA2. Al-
though measures were repeatable, intra-reading variations
were important in some instances, particularly in most
severely affected joints and on T2-FS. BMLs were poorly
marginated, heterogeneous and often extended into multi-
ple subregions and even into the metaphysis, which made
individual scoring challenging. Each sequence was evalu-
ated independently and randomly in time, in order to limit
reading biases. However, scoring BMLs on individual
sequences but using all sequences (and different planes)
would improve anatomical localization.
This study presents limitations that must be pointed out.
Although we can speculate on the nature of some of the
signal changes observed in our dogs, the corresponding
temporal changes were not conﬁrmed with histology. Addi-
tionally, our sample size was small. However, the MRI
evaluations serially repeated over a 6-month period al-
lowed to reach sufﬁcient statistical power permitting data
inference. Nonetheless, this study highlights the potential
variable appearance and temporal behavior of BMLs on
different MRI sequences. The capacity for these lesions,
or at least some of their components, to rapidly change
over time, in comparison to other OA features such as car-
tilage loss, makes BMLs interesting targets in the develop-
ment and validation of DMOADs. Until the nature and
1311Osteoarthritis and Cartilage Vol. 16, No. 11prognostic signiﬁcance of these lesions are further
clariﬁed, it appears that BMLs should be evaluated inde-
pendently on different MRI sequences in dogs with exper-
imental OA. This important information could also apply to
human clinical studies.Conﬂict of interest
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